The relatively low stability of enzymes when exposed to various adverse physical situations is well known.' With heat or surface forces, it is generally concluded that loss of enzymatic activity results from the disruption of the weaker bonds responsible for the native protein conformation,2-5 there being little likelihood that scission of the primary polypeptide chain would contribute significantly to such inactivation.
The relatively low stability of enzymes when exposed to various adverse physical situations is well known.' With heat or surface forces, it is generally concluded that loss of enzymatic activity results from the disruption of the weaker bonds responsible for the native protein conformation,2-5 there being little likelihood that scission of the primary polypeptide chain would contribute significantly to such inactivation.
Three mechanisms, proposed to account for enzyme inactivation by different types of irradiation, have been reviewed recently.6 For example, in the case of photodynamic action, an amino acid residue, which is presumed to form an essential part of the "active center," is modified with a concomitant loss in enzomatic function.' Of particular pertinence to the present report are two proposals that UV and ionizing radiations can produce inactivation by causing the disruption of a sufficient number of weak bonds so that the conformation needed for enzymatic activity is destroyed.8' 9 Those postulates concerning structural changes differ mainly in respect to the degree of specificity with which the crucial weak bonds are designated and the types of bonds which are considered to be important; either hydrogen or disulfide bonds or both have been considered to be critically involved.
The essential role of cystine disruption in the UV-inactivation of trypsin is discussed in another publication; 1 the investigations reported here were designed to further evaluate the participation of hydrogen-bond disruption in the inactivation process. The present experiments were suggested by theories relating to the role of intramolecular proton transfer in radiobiological reaction mechanisms and by the studies of Linderstrom-Lang and others on the kinetics of deuterium substitution in proteins, their use in structural investigations and the observed modification of the exchange rate during the UV-irradiation of solutions of ribonuclease."1-14
The thermal activation energies for UV-inactivation of deuterated (D -) and proton-ated (H -) trypsin preparations-as determined in the present experiments-are identified with the vibrational modes of hydrogen and deuterium atoms involved in intramolecular hydrogen bonding. It is suggested that the excitation of such torsional modes is essential for the initiation of a charge-transfer process which ultimately leads to sufficient modifications of the macromolecular conformation, so that inactivation results. Aspects of a number of possible reaction mechanisms and intermediates are discussed. -UV-absorption spectra of 0.5 mg/ml of protonated and deuterated trypsin in 0.01 M NaH2PO4 buffer using H20 and D20 respectively as the solvent. Measurements were made at 210 C. in 30 ml of 0.01 M HCl and diluting to 100 ml with 0.01 M NaH2PO4 solution. The final pH was 3.0. Portions of this stock solution were lyophilized, the residue dissolved in 99.8% deuterium oxide, and allowed to stand for a number of days. Two further lyophilizations and treatment with deuterium oxide produced the final deuterated trypsin which was dissolved in D20 to give the original stock concentration. Standard protonated trypsin was prepared by an identical procedure using triply-distilled "conductivity" water. Kinetic studies, by infrared and nuclear magnetic resonance techniques, of the deuteration of trypsin will be reported in detail later; the method used in the present work ensured that complete substitution of all 0-H and N-H protons had taken place.'4 Ultraviolet absorption spectra of ca. 20 hydrolysis of the substrate benzoyl-L-arginine ethyl ester'6 (BAEE) in pH 8 phosphate buffer was used to estimate the esterase activity of trypsin. All solutions used in the assay were such that the final mixture contained a negligible concentration of D2O.17 The effect of urea on both the protease and esterase activities was determined using respectively hemoglobin-urea and benzoyl-arginine-ethyl ester-urea assays. '6' 18 There was a difference in the absorbance at 254 mA of the deuterated and protonated solutionsthe OD's of the ca. 2.1 MM unirradiated solutions were respectively 0.034 i 0.004 and 0.030 i 0.003. However, as explained in the next section, this 10% difference does not complicate the interpretation, since only relative changes are involved in the calculations.
Results.-The amount of tryptic activity, N,, remaining after an exposure of t min to 2,537-A light can be described by ln(Nt/No) = -kt, (1) where the rate of UV-inactivation, k, is a function of a number of factors (e.g., light intensity, concentration). The effect of temperature on the rate of UV-inactivation of several batches of protonated and deuterated trypsin is summarized in Figure 2 . These Arrhenius plots are based upon the equation
In k = const. -EA/RT (2) relating k, the activation energy, EA, and the absolute temperature, T. The plots are sufficiently linear so that it seems unlikely that there are two or more processes with widely differing activation energies which are important in determining the rate of inactivation. Listed in Table 1 are least-squares calculations of the activation energies corresponding to the separate sets of data shown in Figure 2 . From these results, the average activation energies for the UV-inactivation of H-and D-trypsin are EAH = 2.20 and EAD = 1.90 kcal/mole. Much of the discussion in the next section is concerned with the absolute values of the two EA'S. It is also important that the calculated AEA of 0.3 kcal/mole appears to be significantly different from zero. The last column in Table 1 indicates the probability that (EAH-EAD) = 0 as determined by the ttest for comparing linear regression coefficients (with appropriate allowance made in the calculations of variance for unequal values of n).19 Taken individually, only the first group of experiments yielded a difference which is statistically significant; however, when all the data are combined, the probability is calculated to be less than 0.005 that EAH and EAD are the same.
In Figure 2 M, the effects of temperature and urea on the measured rate of inactivation are not additive (i.e., the EA estimated by urea assays is ca. 0.0 kcal/mole); and (c) the rate of inactivation at the highest temperature at which the experiments can be conducted (60'C) does not depend upon the urea concentration used in the assay. The present results appear to permit a more precise specification of the manner in which hydrogen bonds are involved in UV-inactivation, for the estimated activation energies are entirely in accord with what was to be expected on the basis of a mechanism proposed by one of us earlier." In that model, the change in radio--sensitivity of a number of biological systems due to various environmental factors was cited as evidence for the implication of excited triplet states as essential intermediates in the inactivation process. The temperature dependence of the rate of radiobiological reactions was interpreted on the basis that one or two vibrational quanta are, in general, necessary for a large transition moment of intersystem crossing between electronically excited singlet and triplet states. The thermal activation energy is thus identifiable with the spacing of the vibrational levels in the excited singlet state.
In such a bond system > N-H ... 0 = as links individual residues in the polypeptide chains of proteins, at least three principal vibrational modes of the N-H group are obvious.2' (i) The N-H stretching frequency varies from ca. 3,400 to 3,100 cm-' in a way depending on the N ... 0 bond distance. Deuterium substitution in the bond changes this frequency so that vH/vD .= 1.27-1.36; thus, the vibrational energies associated with the N-H and N-D stretching modes are 9-10 and 6-7.5 kcal/mole respectively. (ii) The in-plane N-H bending mode in amides and N-substituted amides is approximately 1,250 cm-' (that is, -' 3.6 kcal/mole); again VH/VD -1.3, so that the energy of the N-D bending mode is approximately 2.7 kcal/mole. (iii) The out-of-plane torsional mode has been identified as a broad absorption extending from 800 to 650 cm-' in the infrared spectrum of proteins, synthetic polypeptides and a number of N-substituted amides.2" 22 The vibrational energies of this mode are therefore 1.9-2.3 and 1.5-1.8 kcal/mole respectively for the protonated and deuterated bonds.
Crystalline trypsin shows a similar absorption with poorly-resolved maxima at approximately 775, 745, 700, 660, and 625 cm-'. The maximum at 745 cm-' is removed on deuterium substitution and would appear to be a pure hydrogen vibrational mode; its vibrational energy is 2.15 kcal/mole, which is in excellent agreement with the observed EAH = 2.20 kcal/mole estimated for H-trypsin preparations. The EA's for the H-and D-preparations again imply that for the torsional mode of interest VH/PD = 1.16. The isotope substitution effect on vibrational frequencies depends, of course, on the amplitude of vibration in the normal mode and is, in general, considerably less than the theoretical value of 1.41. There is enhanced absorption in the infrared spectrum of D-trypsin at ca. 650 cm-' corresponding to the suggested isotope ratio although the absence of any well-resolved peaks makes any clear assignment of possible N-D vibrational frequencies impossible. We hope to be able to report later some detailed assignments of vibrational -frequencies in this region when low-temperature infrared absorption studies are completed.
It was suggested previously that the excited-triplet-state configuration of the protein can be considered as an isomer or tautomer of the native molecule, so that the formation of excited triplet states would lead to modifications of the secondary structure, including those associated with the inactivation processes. The energy of the bond system >N-H ... 0 = depends critically upon its linearity, and insofar as the energy is electrostatic in origin, the equation
should express the dependence of the energy on the angle of non-linearity, 0. Large deviations of the proton from the linear arrangement will occur in those vibrationally excited states involving the torsional modes discussed earlier. Thus, provided there be no large energy or entropy difference between alternative arrangements, such a transition-state geometry could readily lead to the interconversion of one hydrogen-bonded conformation to another.
The use by Anson and lMirsky of the hemoglobin assay to study "reversible" heat inactivation indicated that under certain conditions the disruption of hydrogen bonds can contribute to trypsin inactivation;18 yet, the fact that this assay is carried out in >5 M urea appears to show that a number of the hydrogen bonds are not essential for the maintenance of the active conformation. The accompanying report clearly indicates that, in addition to hydrogen bonds, other intramolecular bonds-in particular disulfide bonds-must be disrupted for inactivation of the enzyme to proceed.'0 The exact sequence in which these various bonds are disrupted is not, however, clear. Konev suggested that absorption by the peptide linkage in the region of 250 mu leads to the following sequence of electronic rearrangements: an excited singlet; conversion of the excited singlet to a triplet state; electron transfer by a triplet-state conduction-band mechanism to an aromatic amino acid residue; and finally, the emission of a photon by the chromophoric group.23 It seems possible that, initiated by such absorption and internal conversion, "hole" migration by a tunneling mechanism to a cystine grouping could result in its disruption with a concomitant loss in enzyme activity as a result of the complete rupture of the "weak-link" structure. There are, however, reasons to doubt that this sequence of events is the most likely one by which 2,537-A light produces inactivation. (a) According to such a sequence, the amount of cylstine disruption-and therefore the increase in sulfhydryl titer-should show an activation energy of approximately 2 kcal/mole. Such an increase is not observed.24 (b) The rate of UV inactivation is essentially the same for trypsin irradiated in 8 M urea and maintained overnight in 8 M urea before assay, as for trypsin irradiated in the absence of urea but maintained overnight in 8 M urea.24 (c) Significant absorption by the peptide group at 250 m1A is still doubtful in spite of the reports of Konev and others.23 25 26 Thus, it seems more likely that the sequence of events leading to inactivation is initiated by the excitation of crucial disulfide bonds. For example, Setlow and Doyle calculated, on the basis of the action spectrum of UV-inactivation of trypsin, that a quantum absorbed by cystine has a much greater probability of producing inactivation than one absorbed by other residues in the enzyme. 27 The wave-length of UV used in the present studies was chosen particularly because it is strongly absorbed by the cystine component. The present results thus show the need of investigating the possibility that an excited disulfide bond can interact with a neighboring peptide grouping-possibly to extract a proton or hydrogen atom-in such a way that the charge transfer process is initiated with a corresponding modification of the hydrogen bond configuration essential to activity.
Perhaps the required interaction might occur directly as a result of the formation of N-H . . . S bonds.28 The formation of such bonds will depend quite critically upon the orientation of the sulfur 'lone-pair' vis-d-vis the N-H bond direction. Absorption by the disulfide bond would result in the promotion of an electron from the sulfur lone-pair orbital to an antibonding level-probably involving some d-orbital character. The excited state resulting from such an n-7r* transition could then extract the hydrogens attached to adjacent nitrogen atoms. We would expect the formation of sulfhydryl groups, according to this mechanism, to proceed with a very small, if not zero, activation energy corresponding to a symmetrical hydrogen bond in the excited state. Certainly the possibility can be excluded that the activation energy for the UV inactivation represents a vibrational quantum corresponding to the N-H .. . S stretching mode, since the frequency of this mode is ca. 3,000 cm-1, which is equivalent to an energy of about 9 kcal/mole.29 30 Such a model relies on the fact that hydrogen transfer is not the rate-determining step in the reaction mechanism. Also, both sulfur atoms may be hydrogen-bonded, although kinetic considerations argue against the simultaneous production of two sulfhydryl groups. The formal charge on the sulfur atom following disulfide bond fission could be relieved by either a charge-transfer mechanism or an interaction of these atoms with adjacent groups in the chain or its surroundings.
These proposals differ in important respects from those suggested by Patten and Gordy.31 On the basis of electron spin resonance studies of a-irradiated proteins, they suggested that charge migration is "assisted by the slow torsional motions of the molecules in excited vibrational states." Such vibrational modes would lead to increased overlap between adjacent peptide planes of the polypeptide chain, thereby increasing 7r-electron conjugation. These modes would also be expected to have frequencies similar to that of the N-H torsional mode, so that the activation energy for charge migration, which proceeds according to this mechanism should be approximately 2-3 kcal/mole. Deuterium substitution would, however, have little effect on the vibration of the peptide group as a whole. Accordingly, the "hole" migration mechanism suggested by Patten and Gordy does not appear to be able to provide a complete explanation of our present experiments.
We should finally point out a number of problems which concern our knowledge of the conformation of the macromolecule and its possible modification by isotope substitution. The fact that the optical rotation of the protonated and deuterated solutions of trypsin are identical scarcely precludes the possibility that between the two species there are small differences in structure which may be important in determining the radiation response. Our interpretation of the ultraviolet absorption spectra (Fig. 1 ) is that differences in interaction between the aromatic amino acid residues and H20 and D20 lead to differences in the structure or shape of the ground and/or excited states of those residues, thereby modifying the transition probability between vibrational levels of the ground and electronically excited states; however, our previous discussion assumes that the vibrational spacings in the excited states are similar to those in the ground state. Some indication of possible conformational changes, resulting from deuteration, has been obtained for enzyme preparations that infrared methods showed to be only partially deuterated; the activation energies were significantly different from those of either the completely protonated or deuterated trypsin. A careful control of the extent of deuteration and the determination of the radiation sensitivity of such materials should be of considerable interest in implicating particular residues in the inactivation process.
In spite of these uncertainties, the present results together with studies of the thermoluminescent emission from y-irradiated trypsin indicate that the question of triplet state intermediates in radiobiological reactions should be pursued.6 32 Electron spin resonance studies of such excited configurations are being undertaken.
